In the fission yeast Schizosaccharomyces pombe, deletion of trt1 þ causes gradual telomere shortening, while deletion of pot1 þ causes rapid telomere loss. The double mutant between pot1 and RecQ helicase rqh1 is synthetically lethal. We found that the trt1 rqh1 double mutant was not synthetically lethal. The chromosome end fragments in both the trt1Á rqh1Á and the trt1Á rqh1-hd (helicase dead) double mutants did not enter a pulsed-field electrophoresis gel. Both the trt1Á rqh1Á and the trt1Á rqh1-hd double mutants were sensitive to the anti-microtubule drug thiabendazole. Moreover, the trt1Á rqh1-hd double mutant displayed RPA foci on the chromosome bridge at high frequency in M phase cells. These phenotypes are very similar to that of the pot1Á rqh1-hd double mutant, in which recombination intermediates accumulate at the chromosme ends in the M phase. These results suggest that the entangled chromosome ends, most likely recombination intermediates, are present in the M phase in the trt1Á rqh1-hd double mutant.
Most human somatic cells do not have enough telomerase activity to prevent telomere shortening, resulting limited proliferation. Telomere maintenance is essential for unlimited proliferation in all cancers. 1) About 85% of human cancers maintain telomeres by telomerase, while about 15% do so in a telomeraseindependent manner called alternative lengthening of telomerase (ALT), in which telomeres are maintained by homologous recombination.
2) S. pombe is a excellent model organism to study telomere maintenance, because many telomere-related proteins are conserved in higher eukaryotes and genetic manipulation is very easy. In S. pombe, the catalytic subunit of telomerase is encoded by the trt1 þ gene. Deletion of trt1 þ causes gradual telomere shortening.
3) The critically short telomeres activate the DNA damage checkpoint and undergo homologous recombination or intra-or inter-chromosomal fusion, which can cause cell death. Two types of survivors were reported several years ago. One of which loses telomeric DNA, maintains circular chromosomes, and the other maintains telomeric DNA through recombination among telomeres. Recently a third type of survivors was reported, in which chromosome ends have non-telomeric heterochromatin. 4) Unlike the trt1Á disruptant, deletion of pot1 þ (which encodes the singlestranded telomere binding protein) causes rapid telomere loss, and only one type of survivor, in which chromosomes are circularized, arises. 5) This chromosome circularization is mediated by single-strand annealing (SSA). 6) Chromosomes of the trt1Á single mutant can also be circularized by SSA. However, unlike the pot1Á single mutant, the chromosomes of the trt1Á single mutant can be circularized by a pathway independent of SSA.
S. pombe Rqh1 is a RecQ type helicase. Defects in human RecQ type helicase WRN give rise to Werner syndrome (WS). 7) Human WRN binds to telomeres in vivo and human POT1 in vitro, suggesting a role in telomere maintenance. 8) In a murine model, in addition to the Wrn knockout, the context of a telomerase negative background is required to produce a human WS phenotype, because unlike human somatic cells, mouse cells have high telomerase activity. 9) These facts strongly suggest genetic interaction between telomerase and RecQ helicase. The S. pombe pot1Á rqh1Á double mutant shows synthetic lethality. 6) In contrast, the pot1Á rqh1-K547A (rqh1-hd) double mutant is viable.
10) The Rqh1-K547A protein has no helicase activity in vitro, 11) suggesting that helicase dead Rqh1 plays an important role in survival in the absence of Pot1. The pot1Á rqh1-hd double mutant is sensitive to an anti-microtubule drug, thiabendazole (TBZ). Telomeres in the pot1Á rqh1-hd double mutant are maintained by homologous recombination. The recombination intermediates accumulate in the M phase and inhibit chromosome segregation in the pot1Á rqh1-hd double mutant.
In this study, we created a trt1Á rqh1Á double mutant to study the genetic interaction between telomerase and Rqh1 in S. pombe. Unlike the pot1Á rqh1Á double mutant, the trt1Á rqh1Á double mutant was viable, but was sensitive to TBZ. Detailed phenotypes of the trt1Á rqh1Á double mutant and the trt1Á rqh1-hd double mutant are described below.
Materials and Methods
Strain construction and growth media. The strains used in this study are listed in Table 1 . A diploid strain heterozygous for deletion of trt1 þ and rqh1 þ was generated by mating the rqh1Á single mutant y To whom correspondence should be addressed. Tel: +81-82-424-7768; Fax: +81-82-424-7000; E-mail: scmueno@hiroshima-u.ac.jp (NK110) with the trt1Á single mutant (NK310) expressing Trt1 from plasmid (pPC96-trt1 þ , gift from Professor Toru Nakamura) containing the ade6 gene as positive selection marker and the HSV-tk gene as negative selection marker and selecting a diploid that had lost plasmid
þ /rqh1::hphMX trt1 þ /trt1::kanMX. The diploid strain was sporulated at 25 C, and the resulting tetrads were dissected. Deletion of trt1 þ and rqh1 þ from the resulting colonies was confirmed using selection medium and PCR. It was found that both the trt1Á single mutant and the trt1Á rqh1Á double mutant were obtained. Two independent colonies of the trt1Á single mutant and the trt1Á rqh1Á double mutant grown from the spores at 30 C were transferred into 20 mL of YEA (0.5% yeast extract, 3% glucose, and 40 mg/mL of adenine), and this was incubated at 30 C for 24 h. Then 20 mL of YEA was inoculated at a cell density of 5 Â 10 4 cells/mL and grown for 24 h at 30 C. The rqh1Á single mutant (NK110) was used as control. These processes were repeated for 16 d. Samples at days 1, 4, and 16 were used for southern hybridization assay (Fig. 1B) . The samples at day 16 were used for TBZ sensitivity assay (Fig. 1C) .
The trt1::KanMX rqh1-K547A double mutant (trt1Á rqh1-hd) was created as follows: First the trt1Á rqh1-hd double mutant expressing Trt1 from plasmid pPC96-trt1 þ was created by mating rqh1-hd cells (YS010) with trt1::KanMX cells expressing Trt1 from plasmid pPC96-trt1 þ (NK310). The trt1Á rqh1-hd double mutant that lost plasmid pPC96-trt1 þ was selected on YEA plates containing 50 mM 5-fluorodeoxyuridine (FUDR) at 30 C. The trt1::KanMX rqh1-K547A rad51::LEU2 triple mutant (trt1Á rqh1-hd rad51Á) was created as follows: The trt1Á rqh1-hd rad51Á triple mutant containing plasmid pPC96-trt1 þ was created by transforming the trt1Á rqh1-hd double mutant expressing Trt1 from pPC96-trt1 þ with the rad51::LEU2 disruption fragment, in which the LEU2 cassette was inserted in the NheI site of the rad51 þ gene. The trt1Á rqh1-hd rad51Á triple mutant, which does not have pPC96-trt1 þ , was selected on YEA plates containing 50 mM FUDR at 30 C. The cells were grown in YEA medium at the indicated temperatures.
To tag the Rad11 protein with mRFP at the C terminus, plasmid pFA6a-mRFP-natMX6-rad11 was created as follows: Plasmid pFA6a-13Myc-kanMX6-rad11, 12) which contains the C-terminal region of the rad11 gene, was digested with BamHI and PacI and then cloned into the same sites of pFA6a-mRFP-natMX6 (a gift from Dr. Takashi Toda by permission of Dr. Roger Y. Tsien), 13) resulting in pFA6a-mRFPnatMX6-rad11. pFA6a-mRFP-natMX6-rad11 was linearized with NspV and used in the transformation of NK310, resulting in YS002. The trt1::KanMX rqh1-K547A double mutant expressing Rad11-mRFP from its own promoter and Trt1 from plasmid pPC96-trt1 þ (YS 006) was created by mating rqh1-hd cells (YS010) with YS002.
Measurement of telomere length. Telomere length was measured by Southern hybridization by a previously described procedure 14) with an AlkPhos Direct Kit module (GE Healthcare, Buckinghamshire, England). TAS1 plus telomere fragments derived from pNSU70 15) were used as probes.
Pulsed-field gel electrophoresis. PFGE was performed as described by Baumann et al. 16) To detect NotI-digested chromosomes, NotIdigested S. pombe chromosomal DNA was fractionated in a 1% agarose gel with a 0:5 Â TBE buffer (50 mM Tris-HCl, 5 mM boric acid, and 1 mM EDTA, pH 8.0) at 14 C using the CHEF Mapper PFGE system at 6 V/cm (200 V) and a pulse time of 60-120 s over 24 h. DNA was visualized by staining the gel with ethidium bromide (1 mg/mL) for 30 min.
Microscopy. Microscope images of living cells were obtained using an AxioCam digital camera (Carl Zeiss, Oberkochen, Germany) connected to an Axiovert 200M microscope (Carl Zeiss, Oberkochen, Germany) with a Plan-Apo-chromat 63X NA 1.4 objective lens. Images were captured and analyzed using AxioVision Rel. 4.3 software (Carl Zeiss, Oberkochen, Germany). A glass-bottom dish (Iwaki, Chiba, Japan) was coated with 5 mg/mL of lectin from Bandeiraea simplicifolia BS-I (Sigma, Louis, MO, USA). Time-lapse images of tagged proteins in living cells were taken at 30-s intervals at 30 C.
Results
Telomere loss rate of trt1Á cells was not significantly affected by deletion of rqh1 þ To determine whether the trt1Á rqh1Á double mutant is synthetically lethal, we dissected spores from the trt1 þ=À rqh1 þ=À heterozygous diploid. Tetrad dissections revealed that the trt1Á rqh1Á double mutants were viable (data not shown). Next, cells were grown in liquid culture for 16 d with daily dilution to monitor changes in telomere length on days 1, 4, and 16 ( Fig. 1A and B) . Both the trt1Á single mutant and the trt1Á rqh1Á double mutant lost telomere signal gradually (on days 1 and 4). On day 16, several new bands appeared in both the trt1Á single mutant and the trt1Á rqh1Á double mutant, suggesting that telomeres on day 16 are maintained though homologous recombination in both strains.
The pot1Á rqh1-hd (helicase dead) double mutant is sensitive to the anti-microtubule drug, TBZ. 10) We asked whether the trt1Á rqh1Á double mutant displays similar phenotypes. The trt1Á rqh1Á double mutant from day 16 of culture was used for spot assay (Fig. 1C) . The trt1Á rqh1Á double mutant from day 16 culture was more sensitive to TBZ than any single mutant.
The chromosome end fragments in the pot1Á rqh1-hd double mutant did not enter the pulsed-field electrophoresis gel. Accumulation of recombination intermediates at chromosome ends is perhaps the reason for this. 10) Similarly, the chromosome end fragments of the trt1Á rqh1Á double mutants from day 16 of culture did not enter the pulsed-field electrophoresis gel (Fig. 1E , lane 6), suggesting that recombination intermediates accumulate at the chromosome ends in the trt1Á rqh1Á double mutants. However, we do not rule out another possibility that chromosome end fragments enter the gel but cannot be detected because the lengths of these fragments are highly heterogeneous.
Chromosome of trt1Á rqh1-hd double mutant did not enter the pulsed-field electrophoresis gel
Our results indicate that the phenotypes of the trt1Á rqh1Á double mutant are similar to that of pot1Á rqh1-hd double mutant. However, rqh1-hd mutation can display phenotypes different from the rqh1Á null mutation, because, unlike the pot1Á rqh1Á double mutant, the pot1Á rqh1-hd double mutant is viable. To compare the functional differences between Trt1 and Pot1 directly on a rqh1-hd mutant background, we created a trt1Á rqh1-hd double mutant by same method we used to create the pot1Á rqh1-hd double mutant. 10) First we created the trt1Á rqh1-hd double mutant, in which trt1
þ is expressed from a plasmid. Then the trt1Á rqh1-hd double mutant, which has lost the plasmid, was selected and freeze stock was created. Freshly thawed cells from the freeze stock were used for further analysis. First we analyzed telomere length by Southern hybridization. The pattern of the Southern hybridization assay suggested that both the trt1Á single mutant and the trt1Á rqh1-hd double mutant lost most of the telomeric DNAs (Fig. 2A, arrow) . The trt1Á rqh1-hd rad51Á triple mutant lost the telomere hybridization signal completely (Fig. 2B) , suggesting that the sharp bands detected in both the trt1Á single mutant and the trt1Á rqh1-hd double mutant ( Fig. 2A, arrowhead) are maintained by homologous recombination. The trt1Á rqh1-hd rad51Á triple mutant lost the sub-telomeric sequence (TAS1) completely (Fig. 2B) . The trt1 single mutant, which has circular chromosomes, also lose TAS1 completely, 3) suggesting that the trt1Á rqh1-hd rad51Á triple mutant has circular chromosomes.
Next we inquired into chromosome linearity by PFGE. The trt1Á single mutant had linear chromosomes (Figs. 1D and 2C ). In contrast, the chromosome end fragments of the trt1Á rqh1-hd double mutant did not enter the gel (Figs. 1D and 2C ). The chromosomes of the trt1Á rhq1-hd rad51Á triple mutant were circularized (Fig. 2D) . These results suggest that the chromosomes of the trt1Á rqh1-hd double mutant are linear while the chromosome ends are entangled, as in pot1Á rqh1-hd double mutant.
The trt1Á rqh1-hd double mutant was sensitive to TBZ and accumulated RPA foci on the chromosome bridge during the M phase
Next we compared TBZ sensitivity between the trt1Á rqh1-hd and the pot1Á rqh1-hd double mutant (Fig. 3A) . Similarly to the pot1Á rqh1-hd double mutant, the trt1Á rqh1-hd double mutant was also sensitive to TBZ, but the pot1Á rqh1-hd double mutant was more sensitive to TBZ than the trt1Á rqh1-hd double mutant.
About 75% of pot1Á rqh1-hd double mutants have RPA foci on the chromosome bridge during the M phase. These RPA foci are perhaps recombination intermediates at the chromosome ends, which might be the reason for the TBZ sensitivity. 10) To determine whether the trt1Á rqh1-hd double mutant has RPA foci 15) B, The telomere lengths of wild-type (WT), trt1Á, and trt1Á rqh1Á cells were analyzed by Southern hybridization at 30 C during growth in liquid culture at the indicated days after tetrad dissection. Genomic DNA was digested with NsiI, separated by 0.8% agarose gel electrophoresis, and hybridized to a 1-kbp DNA fragment containing telomere plus TAS1 sequences. To assess total amounts of DNA, the gels were stained with ethidium bromide (EtBr) (bottom panel). C, The sensitivities to TBZ of the wild-type (WT), rqh1Á, trt1Á, and trt1Á rqh1Á cells were determined by spot test at 30 C. Freeze stock of trt1Á and trt1Á rqh1Á grown in liquid for 16 d (grown in liquid) was thawed on a plate and used for PFGE. Ten-fold dilutions of cells were spotted onto a YEA plate or a YEA plate containing 15 mg/mL of TBZ at 30 C. D, NotI restriction enzyme map of S. pombe chromosomes. Chromosomes I, II, and III (Ch. I, Ch. II, and Ch. III) are shown. E, NotI-digested S. pombe chromosomal DNA from the wild-type (WT), pot1Á, rqh1Á, trt1Á, and trt1Á rqh1Á was analyzed by PFGE. Probes specific for the NotI fragments (C, I, L, and M) were used.
3) The gels stained with EtBr are shown. Freeze stock of trt1Á and trt1Á rqh1Á grown in liquid for 16 d (grown in liquid) was thawed on a plate and used for PFGE.
on the chromosome bridge, we used the trt1Á single mutant and the trt1Á rqh1-hd double mutant expressing Rad11-mRFP (Rad11 is a large subunit of RPA).
13) The rqh1-hd single mutant has no RPA foci on chromosome bridge during the M phase. 10) In contrast, about 90% of the trt1Á rqh1-hd double mutant had RPA foci on the chromosome bridge during the M phase ( Fig. 3B and C) , suggesting that recombination intermediates are present at the chromosome ends in the M phase.
Discussion
The trt1Á rqh1Á double mutant was not synthetically lethal Unlike the pot1Á rqh1Á double mutant, we found that the trt1Á rqh1Á double mutant was viable, indicating that Pot1 plays more important roles than Trt1 in viability in the absence of Rqh1. Unlike the pot1Á disruptant, the trt1Á rqh1Á double mutant does not lose telomereic DNA rapidly, suggesting that Pot1 inhibits rapid telomere loss in the trt1Á rqh1Á double mutant. One possible explanation for the survival of the trt1Á rqh1Á double mutant is that gradual telomere loss increases the chances of homologous recombination between telomeres. The third type of survivors of telomerase disruptant is called HATTY cells. They do not have telomeric DNA at the chromosome ends and need Pot1 to maintain the chromosome ends, further supporting the possibility that Pot1 protects chromosome ends regardless of the sequence of the ends. 4) The reason for the synthetic lethality of the pot1Á rqh1Á double mutant might be a defect in the SSA. Indeed, S. cerevisiae Sgs1 is required for efficient A and B, The telomere lengths of the wild-type, trt1Á, rqh1-hd, and trt1Á rqh1-hd cells (A) and trt1Á rqh1-hd rad51Á cells (B) were measured by Southern hybridization at 30 C. Genomic DNA was digested with EcoRI, separated by 1.0% agarose gel electrophoresis, and hybridized to a 1-kbp DNA fragment containing telomere plus TAS1 sequences. Gels stained with EtBr are shown. The arrow represents broad bands corresponding to the telomere hybridization signal detected in the wild-type and rqh1-hd cells. Arrowheads represent sharp bands corresponding to telomere hybridization signals detected mainly in trt1Á and trt1Á rqh1-hd cells. C and D, NotI-digested S. pombe chromosomal DNA from the wild-type, rqh1-hd, trt1Á, and trt1Á rqh1-hd (C) and trt1Á rqh1-hd rad51Á cells (D) was analyzed by PFGE. Probes specific for NotI fragments (C, I, L, M, and Nbs1) were used.
3) Gels stained with EtBr are shown.
SSA. 17) However, it remains unclear why the pot1Á rqh1Á double mutant does not maintain telomeres by homologous recombination.
Chromosome ends of the trt1Á rqh1Á double mutant and the trt1Á rqh1-hd double mutant are entangled
We found that both the trt1Á rqh1Á double mutant and the trt1Á rqh1-hd double mutant were sensitive to TBZ, and that the chromosome end fragments of these mutants did not enter the pulsed-field electrophoresis gel. These phenotypes are very similar to that of the pot1Á rqh1-hd double mutant, in which RPA foci, possibly recombination intermediates, accumulate on the chromosome bridge during the M phase. Similarly, RPA foci accumulate on the chromosome bridge during the M phase in the trt1Á rqh1-hd double mutant. These results strongly suggest that the chromosome ends entangled, most likely because accumulating recombination intermediates at the chromosome ends in the trt1Á rqh1-hd double mutant and the trt1Á rqh1Á double mutant.
The phenotypes of the pot1Á rqh1Á double mutant were very different from that of the pot1Á rqh1-hd double mutant. In contrast, the phenotypes of the trt1Á rqh1Á double mutant and the trt1Á rqh1-hd double mutant were very similar. As discussed above, Pot1 might protect chromosome ends in the absence of Trt1, which might inhibit the helicase-independent function of Rqh1. In the absence of Pot1, however, the helicaseindependent function of Rqh1 might become critical for survival.
Clinical implications of hypersensitivity to antimicrotubule drugs
Since telomere maintenance by homologous recombination is specific to ALT cancers, the telomere in ALT cells can be a unique target for cancer chemotherapy. The fact that the S. pombe trt1Á rqh1-hd double mutant, in which the telomeres are maintained by homologous recombination, is sensitive to an anti-microtubule drug, TBZ, suggests that inhibition of WRN (An S. pombe Rqh1 homolog) in human ALT cancers might lender cells sensitive to anti-microtubule drugs. Anti-microtubule drugs such as vinblastine are used as anti-cancer drugs. If inhibition of human RecQ helicase WRN sensitizes ALT cell to anti-microtubule drugs such as vinblastine, WRN is a possible target for anti-cancer therapy in ALT cancer cells by co-treatment with vinblastine.
